The scuffing process was in-situ observed in a sliding contact between a rotating sapphire disc and a stationary steel ball under dry condition and lubricated condition. The in-situ observations indicate that under both dry condition and lubricated condition scuffing is initiated as a result of the accumulation by wear particles. To further understand the role of wear particles in scuffing initiation, wear particles and contact area from sliding tests terminated prior to scuffing initiation and also just after scuffing initiation were examined. The shape and composition of the wear particles both prior to and after scuffing initiation were obtained. The profile, composition, and micro-hardness of the steel surface prior to scuffing initiation were also obtained with special interests on properties of the particle agglomerates formed on the steel surface. The role of wear particles in scuffing initiation was discussed based on these observations.
Introduction
In tribology, the term of scuffing is used to describe a catastrophic and often unpredictable failure of frictional surfaces under both lubricated and unlubricated conditions. Scuffing is often featured by abrupt increases in temperature, friction, wear rate, noise and vibrations, and also by sudden changes in electrical resistance of the contact. Scuffing is a fundamental tribological issue which governs the ultimate performance of machine components such as gear teeth, piston rings and cylinder pairs, cams and follower systems, splines and sleeve bearings.
As an important tribological phenomenon, scuffing has attracted extensive research interests during the past several decades, although the underlying mechanism of scuffing is still insufficiently understood. Among many scuffing models proposed in literature, scuffing models taking wear particles as either a direct or an indirect cause for scuffing initiation make up an import category.
A widely cited scuffing model based on the role of wear particles was proposed by Ludema [1] . Ludema's scenario of scuffing process goes as: plastically fatigued asperities break away and form into small wear particles, the small wear particles agglomerates into larger particles, which are repeatedly deformed and work hardened, eventually, a larger particles carries most of the load of the contact region, resulting in the failure of fluid film lubrication and subsequently scuffing occurrence. According to Ludema's scenario, scuffing begins with the generation of wear particles by repeated plastic deformation of asperities. Although in many other scuffing models scuffing is regarded as an adhesion-initiated process [2] , Ludema' model excludes adhesion as a necessary condition for the initiating of scuffing since for a well lubricated contact, plastic fatigue of contact asperities can occur without atomic contact between the sliding surfaces. The presence of wear particles in the lubricated contact or in the contact inlet can pose the danger of scuffing through influencing lubricity. Enthoven et al.'s in-situ observation of scuffing process [3, 4] showed that the onset of scuffing is preceded by the build-up of fine particles of wear particles in the contact inlet which result in starvation and consequently scuffing. Enthoven et al. further proposed that scuffing is caused by a critical rate of production of wear particles and its accumulation in the inlet of the lubricated contact. Our previous study on in-situ observation of scuffing process of steel [5] also indicated that wear particles produced in the contact area plays an important role in the scuffing process. Nikas's numerical simulation [6, 7] showed that the presence of soft and ductile particles in lubricated contacts can cause surface softening/melting and local scuffing. Nikas's simulation agreed well with a previous study [8] on the effect of abrasive contaminant particles contained in the lubricant on scuffing. In that study [8] , scuffing was shown to be triggered if the heat generated by the contaminant particles cannot be dissipated from the contact zone.
In a broad sense, previous researches on the interaction between wear particles and the sliding interfaces also cast some light on the understanding of scuffing mechanism. Hwang et al. [9] concluded that the frictional behavior under dry sliding could be altered at will by inserting appropriate particles into the sliding interfaces. Hiratsuka et al. [10] observed that the initial-steady wear transition in a pin-on-disk tester is induced by the attachment of oxide particles of mild wear to the worn surface, which acts as a protective oxide film. Hiratsuka et al. [11] also investigated the mechanism of the initial-steady wear transition based on the hardness changes of the wear particles and the subsurfaces of sliding materials.
Wear particles itself also contain some useful information for understanding scuffing. Roylance et al. [12] proposed a Weibull distribution function to describe wear particle size distributions obtained by ferrography and they found the Weibull distribution a good quantitative means for identifying different wear modes including scuffing. Observations of the micro-structure in seized portion by Mishina and Sasada [13] showed that seizure occurs by the holding of sliding elements through the adhesive linkage of the accumulated transfer particles.
In this study, the scuffing process in both dry sliding and lubricated sliding was in-situ observed, whereby the behavior of wear particles prior to scuffing initiation can be directly observed. To further understand the role of wear particles in scuffing initiation, wear particles and contact surfaces from sliding tests terminated prior to scuffing initiation and after scuffing initiation were examined by laser/optical microscope, SEM, EDX and micro-hardness tester. The role of wear particles in scuffing initiation was discussed based on these observations.
Experimental procedures
The tribometer for scuffing tests in this study employed a ball-on-disc concentrated contact between a stationary steel ball and a rotating sapphire disc. The material of the ball used in the tests was JIS SUJ2 steel, which is equivalent to AISI 52100. Table 1 lists the mechanical properties of the contact pair. The contact area was continuously monitored by an optical microscope, to which a CCD color digital camera was attached. Each frame of the contact images was precisely synchronized with friction coefficient data. Instrumentation of this tribometer is described in [5] .
For observing scuffing process, experiments were conducted under dry sliding and lubricated sliding using n-hexadecane. Under both conditions, the ambient temperature was set to 50°C, and the sliding speed was 1 m/s. For the test under the dry condition, denoted as Test D1, a fixed load step of 110 N was applied and scuffing occurred soon after sliding started. For the test under the lubricated condition, denoted as Test L1, a two-step loading protocol was used with each load step lasting for 7.5 minutes. The first step load was 110 N and the second step load was 220 N. Scuffing was initiated in the second load step. An additional test under the identical condition as Test L1 was also conducted. This test, denoted as Test L2, was terminated suddenly prior to scuffing initiation for examining the generated wear particles and contact area.
After in-situ observations, wear particles from Test L1 and Test L2 were collected by filtration using an organic membrane filter with a pore size of 5 µm. Wear particles to be observed were deposited on a glass slide or a gold plate which was placed on top of the filter membrane. The use of the gold plate is for accurate detection of oxygen element in wear particles by EDX utilizing the outstanding oxidative stability of gold. After vacuum drying, the particles were observed by an optical microscope and a laser microscope. The particles were also observed by a FE-SEM, Hitachi High Technologies SU6600, and EDX after Pt coating. The morphological and compositional information of the contact surfaces prior to scuffing initiation (Test L2) was also obtained with special interest on the particle agglomerates formed on the steel surface. Micro hardness of the particle agglomerates and the surface steel was measured using a Shimadzu DUH-211 micro hardness tester. Fig. 1 are shown in Fig. 2 . Figure 1 shows that the friction coefficient increases suddenly with great fluctuations from around 8.5 s while before this moment the friction coefficient increases slowly with low fluctuations. [5] has observed that scuffing occurs as severe plastic flow in the lubricated sliding. Figures 1 and 2 show that scuffing also occurs by severe plastic flow in the dry sliding scuffing.
The behavior of wear particles before the initiation of scuffing can be seen in Figs. 2 (a) to (c). Wear particles are initially accumulated in the inlet zone and then some of them are brought into the contact area by the sliding of the disc surface. Once wear particles get trapped around the centre, they start to be agglomerated as shown in Fig. 2 (b) . The friction coefficient increases slowly and steadily during the agglomeration of wear particles. The agglomeration area keeps growing up over the contact area until scuffing is initiated in Fig. 2 (d). Scuffing is seen to occur by surface plastic flow which is initiated at the spot of the particle agglomeration area, implying that the agglomeration of wear particles is the major cause for the plastic flow. As the particle agglomerates are destroyed and removed away from the contact area, severe plastic flow expands in opposite to the sliding direction as shown in Figs under the lubricated condition. From the second load step, wear particles appear to be accumulated in the inlet zone. This reflects that the wear rate is accelerated at higher load. As wear particles keep accumulating in the contact inlet and entering the contact area, the friction coefficient increases steadily and becomes more fluctuated. Some wear particles are agglomerated at both sides of the contact area while some wear particles can pass through the contact area around the centre and scratch the surface. In Fig. 4 particle agglomerates are seen to be formed and collapsed repeatedly at both the sides, meanwhile the agglomeration areas seem to be roughened with the local conformity worsened. Scuffing is initiated at the local spots covered by particle agglomerates as shown in Figs. 4 (b) and (f). In summary, the in-situ observations indicate that under both dry condition and lubricated condition scuffing is initiated as a result of the accumulation of wear particles. The in-situ observations identify two basic effects of wear particles on scuffing initiation: agglomeration and scratch.
Agglomeration: At both the dry condition and lubricated condition, scuffing was initiated at the area of particle agglomeration, which suggests that the agglomeration is the main effect of wear particles in scuffing initiation. The agglomeration effect also shows differences under the two conditions: Firstly, in the lubricated condition particle agglomerates are not stable, thus they are formed and collapsed repeatedly while in the dry condition particle agglomerates seems to be firmly bonded and keeps growing larger until scuffing occurs. This difference should be because adhesive force between wear particles and between and contact surfaces are somehow weakened by the lubricant. This is consistent with the suggestion by Oktay and Suh [14] that an effective lubricant can prevent wear particles agglomeration by coating the individual wear particles well thus reducing the strength of the inter-particle bonding. Secondly, the position of particle agglomeration is different under the two conditions: in the lubricated condition wear particles are agglomerated at both the sides of the contact area. In the dry condition wear particles are agglomerated around the centre.
Scratch: In the lubricated condition, wear particles passing through the contact area make scratch lines as shown in Figs. 4 (b) to (e), the scratch lines in turn provide pass routes for wear particles. The change in contact conformity by scratch lines may also contribute to scuffing initiation. In the dry condition, scratch lines do not appear clearly over the contact area prior to scuffing initiation as shown in Figs. 2 (a) to (d), the agglomeration of wear particles is the dominant effect in scuffing initiation while the scratch effect is not significant in the dry condition.
To further understand the role of wear particles in scuffing initiation, the morphological and compositional information of the wear particles is needed. Thus wear particles produced prior to the scuffing initiation (Test L2) and just after the scuffing initiation (Test L1) were investigated. Figure 5 shows the friction coefficient in Test L2. Figure 6 shows the contact status at the moment of test termination. In Fig. 6 large particle agglomeration area are formed on the contact area, which was taken as an indicator of the coming scuffing initiation. Profile measurement shows that the thickness of Type II is less than 2 µm. The wear particles of Type III are steel particles with metallic luster. As shown in Fig. 7 , among the wear particles collected, Types I and II are presented as the vast majority while only a small amount of Type III particles are found. Detailed information on the shape and composition of the wear particles prior to the scuffing initiation, especially for Type I and Type II, is given below. The generation of each type of wear particle is discussed in Section 4. Figure 9 shows an example image of Type I particle by SEM. The shape of Type I particles can be seen clearly in Fig. 9 . Even smaller particles of tens of nanometers are adhered on the surface of Type I particles. Figure 10 shows an example image of Types II particle by SEM. It can be seen clearly that Type II particles have thin lamellar shape and smooth surfaces. Figures 11 (a) and (b) show two example images of Type II particles by optical microscope. The particle in Fig. 11 (a) shows a coarser and porous surface texture while the particle in Fig. 11 (b) shows a smoother and compacted surface texture. In comparison with Type II particles, Type III particle is shown in Fig. 11 (c) , which appears to be steel particle. The optical photographs in 11 were taken under the same optical condition, so these two types of wear particles should not be the same. Table 2 shows composition of Type I, Type II and Type III particles. The composition of wear particles was estimated by EDX, using the average value of measurements on three particles of the same type. To estimate the degree of iron oxidation and alumina mixing of the wear particles, only the three major elements, namely Fe, O and Al, are selected for EDX spectral analysis. The element of Al comes from the sapphire disc of Al 2 O 3 . Wear particles just after the scuffing initiation were also observed. Figure 12 shows wear particles collected from Test L1 shown in Figs. 3 and 4 . The size of wear particles increases significantly after the scuffing initiation. Besides the three types of wear particles before the scuffing initiation shown in Figs. 7 to 11, a new type of wear particles, denoted as Type IV, was also detected after the scuffing initiation. Figure 12 shows that the Type IV particles have rough surfaces and irregular edges. The major composition should be steel as indicated by the metallic luster under optical microscope shown in Fig. 12 (b) .
Observations of contact surfaces
Figures 13 and 14 show the SEM image and laser microscopic image of the steel surface of Test L2. These two images are enlarged views taken around the particle agglomerates marked by a circle in Fig. 6 . From Figs. 13 to 14 it can be seen that the agglomeration area has a smooth surface and seems to be composed of fine particles of Type I. Figure 15 shows the profile measurement of the agglomeration area along the sliding direction. The agglomeration area has a thickness around 3 µm above the other part of the contact area. The agglomeration area should have been compacted and flattened during sliding with the counter surface. In addition, it is observed that particle agglomerates are also formed on the sapphire disc as is Table 2 Composition estimation by EDX for the three types of wear particles '○' and ' ' illustrate hardness measurement points for particle agglomerate and for the steel very close to the particle agglomerate, respectively. The line illustrates the path for the profile measurement shown in Fig. 15 .
shown in Fig. 16 . Table 3 shows the composition estimation by EDX for the contact surface shown in Fig. 13 . It can be seen that the area of particle agglomerates contains rich iron oxide and alumina. In contrast, the area uncovered by wear particles is substantially steel. Table 3 it is 1:1.79. Thus it can be seen that the particle agglomerates have a similar degree of iron oxidation with Type I and Type II particles. Similar correlation between mechanically mixing layers and wear particle has been studied by Li et al. [15, 16] , they revealed that the mechanical mixing layers and wear particle in an Al-Si alloy against M2 steel sliding systems have similar micro-structural features and are comprised of mixtures of ultrafine grained structures. In addition, it is noted that the concentration of Al element in particle agglomerates is significantly higher than in Type I and Type II particles as shown in Tables 2 and 3 , this should be due to further mixing with the alumina during the contact between particle agglomerates and the sapphire surface. Table 4 shows micro hardness in the agglomeration area. A smaller measurement force of 20 mN was used for the agglomeration area to exclude the interference of the underneath steel on the results. Data in Table 4 scatters between 409 HV and 648 HV. The average hardness of the agglomeration area is 526 HV with a standard deviation of 74. The original hardness of the ball surface is 810 HV. Thus it can be seen that the hardness of particle agglomerates is significantly lower than that of the original hardness of the ball surface. The lower hardness shown in Table 4 may reflect the hardness of the oxide particles of Type I which form the agglomeration. Also, the lower hardness of the particle agglomerates is in accord with the in-situ observation shown in Fig. 4 that the agglomerations can be sheared off easily during sliding.
The hardness change of the steel surface around and beneath particle agglomerates was investigated. Table 5 shows hardness of the steel surface a few micro meters away from the agglomerated area. A higher measurement force of 200 mN was used for the steel surface. Table 5 shows that the steel around the particle agglomerate has an average hardness of 674 HV with a standard deviation of 72. To further reveal the effect on the hardness change, micro hardness was measured for local areas where particle agglomerates have been formed and then broken down during sliding as can be visualized by the in-situ observation. One of such areas, indicated by Circle 1 in Fig. 17 , was selected for hardness measurement. Hardness measurement for the area of Circle 1 was made at the area marked as Region 1 in Fig. 18 ; Table 6 shows the results of the hardness Fig. 15 Surface profile along the sliding direction. The measurement line is shown in Fig. 14 . Fig. 16 Optical microscope image of particle agglomerates formed on the sapphire surface of Test L2. Table 3 Composition estimation by EDX for the contact surface shown in Fig. 13 Square 1 and Square 2 correspond to the area of particle agglomerates and the area uncovered by wear particles, respectively, as is shown in Fig. 13 . Table 4 Vickers hardness of the particle agglomerate shown in Fig. 14 (20 mN load) Table 5 Vickers hardness of the steel around the particle agglomerate shown in Fig. 14 (200  mN load) measurements of Region 1. It can be seen that Region 1 has an average hardness of 654 HV with a standard deviation of 55. For comparison, micro hardness was also measured in another region which is sufficiently far away from particle agglomerates during sliding. One of such areas is shown by Circle 2 in Fig. 17 , which corresponds to Region 2 in Fig. 18 for hardness measurement. Table 7 shows the results of the hardness measurements of Region 2. The average hardness of Region 2 is 848 HV with a standard deviation of 102. The steel of Region 2 is slightly hardened, which should be mainly due to work hardening. Comparing Tables 5  and 6 with Table 7 , the hardness of the steel around and beneath particle agglomerates shows a significantly lower average hardness and lower variation than the steel far away from particle agglomerates during sliding. The softening of the steel around and beneath particle agglomerates is mainly due to thermal softening.
Discussion
Figures 2 and 4 showed that severe plastic flow was initiated at the area of particle agglomerates. This could be explained as follows: Figure 6 shows that the area of particle agglomerates makes up approximately 10% of the nominal contact area in the lubricated condition, thus it is clear that during the agglomeration the steel below the particle agglomerates bears much higher normal load than the rest of contact area. Furthermore, the major frictional heat should be produced in the interface between the sliding sapphire surface and the particle agglomerates on steel surface. The steel surface under the particle agglomerates is exposed to high temperature as a result of thermal conduction. This causes thermal softening of the steel surface around and beneath particle agglomerates as shown in Tables 5 and  6 . At some point, severe plastic deformation will occur to the softened steel under concentrated load. The particle agglomerates will be broken down and removed away with the initiation of severe plastic deformation as shown in Figs. 2 and 4 . After the removal of particle agglomerates, severe adhesion will occur to the softened steel surface, which works to cause dramatic extension of plastic deformation.
In the scuffing process suggested above, load concentration and thermal softening at the agglomerated area is the initial trigger for scuffing. Adhesion is not the initial trigger but the driving force to cause severe plastic deformation once it starts first by load concentration at the agglomerated area.
To further understand the initiation of scuffing, the generation of each type of wear particles is analyzed as follows:
The shape of Type I particles as shown in Fig. 9 may indicate that Type I particles are initially generated by adhesion and fracture of contact asperities. After initial generation, the size of Type I particles could be grown by the adhering of smaller particles of tens of nanometers as shown in Fig. 9 . The composition of Type I particles as shown in Table 2 indicates that Fig. 17 A snapshot taken from the in situ observation during Test L2. Circled 1 indicates an area once covered by particle agglomerates during sliding. Circle 2 indicates an area sufficiently far away from particle agglomerates. Table  2 and also on the examination of the particle agglomerates shown in Figs. 13 to 16 and Tables 3 and  4 , it is inferred that Type I particles go through the processes of agglomeration, compaction and mechanical mixing with contact surfaces, the break-down of the compacted particle agglomerates would result in the formation of Type II particles. Compacted particle agglomerates can form on both the steel surface and the sapphire surface. Type II particles with rough surface as shown in Fig. 11 (a) should be originated from compacted particle agglomerates in adhesion to the steel surface, this is because the steel surface is roughed during sliding. Type II particles with smooth surface as shown in Fig. 11 (b) should be originated from compacted particle agglomerates in adhesion to the sapphire surface, this is because the sapphire surface is very wear resistant and keeps very smooth before scuffing as shown in Fig. 16 .
The metallic particles of Type III should be generated by severe adhesion at local areas of steel as indicated by the shape and composition shown in Fig.  11 (c) and Table 2 , respectively. Also, the steel with reduced hardness as shown in Tables 5 and 6 may have a higher tendency to generate Type III particles than the steel with an increased hardness as shown in Table 7 . The lower concentration of O element in Type III particles shown in Table 2 indicates that severe adhesion occurs when the steel surface is not effectively protected by iron oxides. It needs to be noted that severe adhesion is largely avoided over the contact area prior to scuffing initiation. This is because although Type III particles are generated prior to scuffing initiation, the quantity of Type III particles is very small as shown in Fig. 7 .
Type IV particles as shown in Fig. 12 should be generated by shearing off of the surface steel during scuffing, this is indicated by the in-situ observations and also by the rough surfaces and irregular edges of Type IV particles. Type IV particles indicate severe adhesion between the steel surface and the sapphire surface during scuffing. The severe adhesion during scuffing can be also seen by the rapid increase in the friction coefficient as shown in Figs. 1 and 3 . In addition, it is estimated that 90% of the work of friction is converted into heat [17] . This would lead to significant softening of the steel in contact, thus the steel can be sheared off more easily to result in Type IV particles.
As indicated in Figs. 13 and 14, and Tables 2, 3 and 4, fine particles of Type I are agglomerated around the contact area during sliding. Type II particles, as discussed above, are formed by break-down of agglomerated Type I particles. The metallic particles of Type III are found in a small amount prior to scuffing initiation as shown in Fig. 7 and also are not found in particle agglomerates as shown in Figs. 13 and 14. Thus it is known that Type I particles pose great harm in scuffing initiation through agglomeration in spite of the small size.
Based on this study, the process of scuffing initiation can be summarized as follows: Firstly, wear particles starts to be agglomerated and load becomes to be supported at the agglomerated area. Secondly, heat is generated at the agglomerated area resulting in great heat flux into the steel. This causes thermal softening of the steel surface. Thirdly, severe plastic deformation occurs to the softened steel under concentrated load, leading to breakdown of the particle agglomerates. Finally, severe adhesion occurs to the softened steel after the removal of particle agglomerates, leading to dramatic extension of plastic deformation.
Lastly, the role of wear particles in scuffing initiation observed in this study is currently limited to steel-sapphire sliding pairs. In metal-metal sliding pairs, adhesion tends to occur easier than in steel-sapphire sliding pairs, thus wear particles should be more generated and agglomerated. Further study is needed to confirm whether wear particles play a similar role in scuffing initiation in metal-metal sliding pairs.
Conclusions
In the current study, in-situ observation of frictional areas was conducted to investigate role of wear particles in the scuffing phenomenon. Behavior of generated wear particles and scuffing procedure were observed and compared between the lubricated condition and dry condition. The shape and composition of wear particles generated during the scuffing tests were investigated by microscope, SEM and EDX. The following conclusions are drawn based on this study:
(1) The in-situ observations showed that under the dry condition and lubricated condition severe plastic flow and rapid increase in coefficient of friction are the major changes in scuffing. The severe plastic flow was initiated at the area of particle agglomerates. (2) Two basic effects of wear particles on scuffing initiation were identified by the in-situ observations: agglomeration and scratch. The agglomeration was shown to be the major effect in scuffing initiation in this study. (3) The particle agglomerates prior to scuffing initiation were composed of fine particles, which were rich in iron oxide and alumina. The hardness of the particle agglomerates was significantly lower than the original steel hardness. (4) The steel surface at the area of particle agglomerates experiences load concentration and thermal softening, which should be the initial trigger for the initiation of scuffing.
